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In summary then it may be stated that the hypothalamus controls the neurohypophysis by means of the supraoptico-hypophysial tract, and that stimulation of this tract results in release of the antidiuretic hormone and inhibition of a water diuresis. As a working hypothesis it is suggested that the hypothalamus controls the adenohypophysis, and so various diuretic processes, by neuro-vascular transmission of stimuli through the hypophysial portal vessels. TAUBENHAUS, M., and SOSKIN, S. (1941) Endocrinology, 29, 958. WISLOCKI, G. B., and KING, L. S. (1936) Amer. J. Anat., 58, 421. The Hypothalamus and Urine Secretion By W. J. O'CONNOR From The Department ofPharmacology, Cambridge Uniersity Action on the kidney of extract of the posterior lobe of the pituitary.-Since the release of hormone from the neural lobe of the pituitary constitutes the only mechanism as yet established by which the hypothalamus can influence kidney function, special consideration must be given to the action of extract of the posterior lobe. One effect of the extract is well known: injected intravenously, it causes inhibition of water diuresis; or injected subcutaneously at the time of administration of water, it causes delay of the diuresis for several hours. Inhibition of water diuresis is brought about without change in the blood flow through the kidney (Cowan, Verney and Vogt, quoted by Verney, 1946) . The amount of extract of the posterior lobe which need be injected is very small; in the dog, with which species most experimental work has been done, the intravenous injection of 1 milli-unit (0*0005 mg. of the standard powder) usually produces inhibition of water diuresis lasting five minutes; the intravenous infusion of the extract at a rate of 1 micro-unit per second (00000005 mg. of the standard powder) maintains the rate of urine secretion at resting level despite the previous administration of a diuretic dose of water. Emphasis has been placed on the minute amounts of the extract needed to inhibit water diuresis in the conscious animal because of the evidence to be presented later that such small amounts only are involved in the regulation of the activity of the kidneys, and also in order to avoid confusion with early experimental work with anmsthetized animals and using much larger doses of extract from which a diuretic action of extract of the posterior lobe was described. The antidiuretic action of extract of the posterior lobe is also exerted in diabetes insipidus in which condition, as in diuresis following the ingestion of water, there is a large volume of dilute urine.
Recently I have been investigating the effect of infusion of extract of the posterior lobe when the urine secretion has been increased by the administration of sodium chloride by stomach tube to the conscious dog. Following the administration of sodium chloride in solution hypertonic to the body fluids, the kidney secretes urine rich in chloride (usually about 0-28 molar) but neither the composition nor the volume of the urine is affected by the infusion of extract of the posterior lobe at rates up to 15 micro-units per second. But after the administration of sodium chloride in solution approximately isotonic with the body fluids, the urine flow is usually about 2 ml. per minute, the concentration of chloride in the urine about 0 14 molar and the rate of excretion of chloride about 028 mg. equivs. per min. Now, an intravenous infusion of extract of the posterior lobe at about 4 microunits per second reduces the urine volume to about 1 ml. per min., and increases the concentration of chloride in the urine to 0-28 molar; but the rate of elimination of chloride is unchanged during the period of the infusion. Even with faster rates of infusion of pituitary extract or following the administration of high concentrations of sodium chloride, the concentration of chloride in the urine of the dog under these conditions does not rise higher than O028 to 0 3 molar, so that the maximal physiological response of the kidney is produced by the infusion of extract of the posterior lobe at the slow rate of 4 micro-units per second. In this instance, as in the inhibition of water diuresis, the action of the extract is to cause decreased excretion of water, without great change in the excretion of other urinary constituents; and it has already been stated that in these small doses the extract has no effect on the blood flow through the kidney. It is now accepted that the action of the extract on the kidney is to stimulate the reabsorption of water by the tubules, and, indeed, this is probably the only effect on the kidney of the active principle of the posterior lobe in amounts ordinarily liberated in life.
Diabetes insipidus.-The polyuria of diabetes insipidus, associated by pathologists with lesions in the region of the pituitary and hypothalamus, has been regarded as produced by diminished function of the neural lobe since the demonstration independently in 1913 by von den Velden and Farini that the polyuria can be controlled by the subcutaneous injection of extracts of the posterior lobe. For many years attempts to produce diabetes insipidus by operative lesions in experimental animals produced very doubtful results. This may be exemplified by the effect, now well established, of removal of the posterior lobe of the pituitary in dogs by an approach through the soft palate and sphenoid bone. On the days immediately following the operation the dogs drink freely, and the daily urine volume increases from the normal figure of about 200 ml. per day to about 2 litres per day; but then the daily urine volume falls and 2 to 3 weeks after operation is about 300 ml. per day, at which level the fluid exchange persists indefinitely. However, in 1935, Fisher, Ingram and Ranson described an operation which produced persistent diabetes insipidus in cats, consisting of the section of the supraoptico-hypophysial tracts by electrolytic lesions placed in the hypothalamus by means of a stereotaxic instrument. Subsequent post-mortem examination showed that when the lesions failed to interrupt the supraoptico-hypophysial tracts no persistent polyuria followed; but in animals in which the tracts were sectioned, the daily urine volume for many months after operation was 300 to 400 ml. per day and the specific gravity of the urine 1-006 to 1 008, instead of the 100 ml. per day (sp. gr. 1 028 or more) of normal cats. Injection of extract of the posterior lobe reduced the daily urine volume of the diabetic cats to 100-170 ml. (sp. gr. 1 015 to 1 027). Despite differences in the configuration of the pituitary stalk, section of the supraoptico-hypophysial tracts has also been shown to produce diabetes insipidus in the rat and the monkey; and in common with many others, I have observed diabetes insipidus in dogs in which the tracts have been cut by a stab wound in the floor of the hypothalamus between the optic chiasma and the pituitary. At post-mortem, there is always degeneration of the neurohypophysis. The pars nervosa and pituitary stalk distal to the lesion are found to be devoid of nerve fibres and shrunken, while extracts of the posterior lobe lack antidiuretic activity (Fisher and Ingram, 1936) . Thus, the diabetes insipidus produced by the procedure of Ranson (1935, 1938) is adequately explained by the loss offunction ofthe neurohypophysis, absence of the antidiuretic hormone from the circulating blood, and consequent reduced reabsorption of water in the renal tubules. Explanation may also be offered for the failure of other operative procedures to produce permanent diabetes insipidus. In the procedure of Fisher, Ingram and Ranson both the neural lobe and the pituitary stalk, which has many anatomical similarities to the neural lobe, are caused to degenerate; whereas after removal of the posterior lobe the pituitary stalk is left intact to form a possible source of the small amounts of antidiuretic hormone needed to restrain the urine flow to almost normal volume. Other operative procedures, despite adequate destruction of the neurohypophysis, cause extensive damage to the glandular parts of the pituitary, and polyuria may fail to appear because of loss of function of the anterior lobe. Of all operations described, that of section of the supraoptico-hypophysial tract ensures the best conditions 23 667 for the production of polyuria of diabetes insipidus:-total loss of function of the neurohypophysis, without damage to the glandular parts of the pituitary.
The degeneration of the nerve fibres in the neurohypophysis distal to the site of section is accompanied by retrograde degeneration and ultimate disappearance of the cells of the supraoptic nucleus of the hypothalamus and so confirms that these are the cells of origin of non-medullated fibres of pituitary stalk. Similar degeneration occurs in the cells of the paraventricular nuclei (O'Connor, 1947a) , indicating that some of the fibres of the stalk, perhaps one-sixth, arise from these cells. However, the peculiar features of the cells of the supraoptic nuclei are observed equally in the paraventricular nuclei, so that there appears to be no need to postulate separate functions for the two groups of cells and their axons in the neurohypophysis. Other neurones in the hypothalamus are not arranged in such compact cell masses as are the cells of the supraoptic and paraventricular nuclei, and so their degeneration following section of the stalk, even if it did occur, would be difficult to recognize; but only a few fibres other than those arising from the paraventricular and supraoptic nuclei pass down the pituitary stalk to the pars nervosa. In all probability, it is the processes of the cells of the supraoptic and paraventricular nuclei which form the link between the hypothalamus and the neural lobe of the pituitary. They probably determine the release of the antidiuretic hormone, and so provide the means by which the hypothalamus can influence the reabsorption of water in the renal tubules.
Factors determining the release of hormone from the neurohypophysis.-The recent work of Verney (1947) has developed experimentally the conception that the output of hormone from the neurohypophysis is determined by the osmotic pressure of the circulating blood. For these experiments, at preliminary aseptic operations, the common carotid arteries of dogs were enclosed in loops of skin so that, when the skin loops had healed, injections could be made into the circulation to the head repeatedly and without disturbance to the animal. The injection of hypertonic solutions of sodium chloride into one carotid artery during water-diuresis resulted in inhibition of urine flow: the inhibition followed a time course identical with that of the inhibition produced by the intravenous injection of a small dose of extract of the posterior lobe of the pituitary, and was reduced to about one-tenth in experiments after removal of the posterior lobe of the pituitary. Thus, a brief but large increase in the sodium chloride content of the blood reaching the head caused liberation of antidiuretic hormone from the neurohypophysis.
In further experiments (Verney, 1947) hypertonic solutions of sodium chloride were infused into one carotid artery at a rate chosen to cause an increase of about 2% in the osmotic pressure of the blood in that artery. The infusion was maintained for 40 minutes and during the infusion the rate of excretion of urine fell from the diuretic level of about 6 ml. per min. to 0 5 ml. per min., and slowly recovered when the infusion was stopped. Infusion of sodium chloride into a vein at the same rate did not inhibit the water-diuresis; but the fall in the rate of urine secretion during the intracarotid infusion could be matched by the inclusion in the intravenous infusion of sufficient extract of the posterior lobe of the pituitary to give a rate of infusion of 1 micro-unit per second. An increase of 2% in osmotic pressure of the blood in one carotid, then, caused the release of I micro-unit per second of antidiuretic hormone, and this sufficed to restrain the urine flow from diuretic to resting level.
These experiments enable explanation to be made of some features of the response of the dog to ingested water. Klisiecki, Pickford, Rothschild and Verney (1933) showed that when water was given by stomach tube to dogs, the water load of the tissues-that is the difference at any time between the volume of water absorbed from the intestine and the amount excreted in the urine-rose to a maximum 35 minutes after the administration of the water; but the rate of flow of urine reached its maximum 15 minutes later. The ingestion of 250-300 ml. of water in the dog causes a fall in osmotic pressure of the arterial blood of 1 % to 2%O, and so (from the work of Verney just described) may be presumed to cause a fall of 1 micro-unit per second in the output of hormone from the neurohypophysis. In fact production of the hormone probably ceases, and as the hormone already in circulation is removed from the blood stream the urine flow increases to diuretic level; the lag between water load and rate of flow of urine is accounted for by the time needed to remove the hormone already in the circulation. Water diuresis, the response appropriate to a fall in osmotic pressure of the body fluids, appears to be determined by decreased activity of the neurohypophysis.
The neurohypophysis also determines an appropriate renal response to increased osmotic pressure of the circulating blood. In my own experiments it has become necessary to consider the changes in urine volume and composition which follow the administration of sodium chloride to dogs as composed of two independent responses of the kidney.
Firstly, whether the salt be given in solution isotonic with or hypertonic to the body fluids, in normal animals or in animals diabetic after section of the supraoptico-hypophysial tracts, administration of sodium chloride by stomach tube or by intravenous infusion causes increased rate of excretion of chloride in the urine. Thus the actual elimination of the salt is independent of the neurohypophysis; and, as already stated, is not altered by the intravenous infusion of extract of the posterior lobe of the pituitary. Secondly, when salt is given in hypertonic solution, but not when given in isotonic solution, the urine excreted is concentrated in respect of chloride; less water is lost from the body in the process of excretion of salt administered in hypertonic solution than when the same amount of salt is given in isotonic solution. But the chloride concentration of the urine remains low when salt is given in hypertonic solution to dogs diabetic following section of the supraopticohypophysial tract. The experiments of Verney, together with the actions of the extract of the posterior lobe described at the beginning of this paper, provide the explanation. Salt in hypertonic solution causes an increase in osmotic pressure of the blood; which evokes from the neurohypophysis an increased output of hormone; which, reaching the kidney, stimulates the reabsorption of water in the renal tubules. Thus the urine is concentrated in respect of chloride and the salt is excreted with minimum loss of water, when given in hypertonic solution.
In the experiments of Verney (1947) not all crystalloids were equally effective in evoking the release of antidiuretic hormone, when injected into the common carotid artery in amounts calculated to give equal increases in osmotic pressure of the blood in that artery. Sodium chloride, sodium sulphate, and sucrose appeared to be equally effective; urea was without effect; and dextrose had intermediate activity, causing a release of antidiuretic hormone in the experiments first described using a rapid injection of high concentration, but not in the experiments with the slow infusion of lower concentrations. By demonstrating that previous ligation of the internal carotid artery greatly diminished the inhibition of water diuresis by the intracarotid injection of hypertonic solutions, Verney has established that the area sensitive to changes in osmotic pressure lies in the vascular bed of the internal carotid artery; and although no other proof is available, the peculiar anatomical features of the cells of the supraoptic nuclei, together with the large blood supply of the nuclei, suggest that these cells may themselves be the "osmoreceptors".
So we may picture "osmoreceptors" probably situated in the hypothalamus continually responding to the osmotic pressure of the circulating blood and causing in the dog the release of about 1 micro-unit per second of hormone from the neurohypophysis; if the osmotic pressure of the circulating blood decreases by 1 % to 2 %, stimulation ofthe "osmoreceptors ", and so production of hormone by the neurohypophysis ceases, and water diuresis ensues; if the osmotic pressure rises, more hormone is released from the neurohypophysis and causes the kidney to secrete urine of maximum concentration. The mechanism is peculiarly adapted to maintain the osmotic pressure of the body fluids within narrow limits, and is comparable in its physiological aptness with the control of respiration by the action of carbon dioxide on the respiratory centre.
An output of hormone from the neurohypophysis can be excited by procedures other than changes in osmotic pressure. Emotional stress, induced in a dog during water diuresis, may cause inhibition of the urine flow; this inhibition is observed consistently with animals in which the kidneys and suprarenals have been denervated; resembles closely the inhibition by the intravenous injection of post-pituitary extract; and is practically abolished after removal of the posterior lobe of the pituitary (Rydin and Verney, 1938; O'Connor and Verney, 1942) . The inhibition by emotional stress is thus due to release of antidiuretic hormone from the neurohypophysis during the emotion. Emotion produced by a variety of procedures is effective-the sounding of a motor horn, electrical stimulation to the flanks, running on a moving table, even the entry of a strange person into the room may evoke antidiuretic hormone and cause inhibition of water diuresis. Others have shown that acetyl-choline in the atropinized dog and nicotine injected intravenously may also cause inhibition of water diuresis due to release of antidiuretic substance from the neurohypophysis (Pickford, 1939; Burn, Truelove and Burn, 1945) . O'Connor and , working with dogs with normal innervation of the kidneys and suprarenals, found that inhibition of water diuresis by emotional stress was by no means the rule. Of 21 normal bitches, the typical inhibition appeared consistently in only 3 and was not produced in any tests on 7; with the remaining 11 animals the typical inhibition appeared in some but not all tests of the effect of emotional stress. Most of these animals were then submitted to denervation of the kidneys and suprarenals, the operation consisting of the division of all visible nerve fibres in the renal pedicle, section of the splanchnic nerves, and removal of the second, third and fourth lumbar ganglia with the sympathetic chain between them. After this operation inhibition of water diuresis occurred with all animals in all tests of the effect of emotional stress. The explanation of this difference between normal and partially sympathectomized dogs was found to lie in an action of adrenaline on the neurohypophysial mechanism. If, in a dog with kidneys and suprarenals denervated and so in which emotional stress always produced inhibition of water diuresis, emotion was induced immediately following an intravenous injection of a small dose of adrenaline, no inhibition of water diuresis ensued. Adrenaline did not modify the inhibition of water diuresis by injections of the extract of the posterior lobe of the pituitary, and so the conclusion was drawn that adrenaline, introduced by intravenous injection or set free from the animal's own suprarenals, may block the liberation of antidiuretic hormone from the neurohypophysis during emotional stress. The irregular appearance of inhibition by emotional stress in normal dogs thus found its explanation in the release of adrenaline from the suprarenals during the emotion. The aspects of the relationship between the hypothalamus and urine secretion discussed in this communication have been dealt with at greater length in two lectures bv Verney (1946 Verney ( , 1947 and in a review (O'Connor, 1947b) , to which reference is recommended for further detail.
